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FEATURES OF THE STRUCTURE AND PHYSICAL PROPERTIES OF BLOCKCOPOLYMERS. CLASSIFICATION OF BLOCK COPOLYMERS
In an examination of the relationship between the structure and different physical properties of block copolymers it is necessary to take into account not only features of their molecular structure (the nature of addition of blocks) but also of the morphology of the supermolecular organisation, for different types of block form corresponding domains that can act both as crosslinks of the physical network and as elements of more complex structures [1] . Like polymer blends, the different block copolymers form a class of multiphase polymer systems. Their practical importance is dictated by the possibility of controlling their properties within a wide range, which is determined by the ease with which the structure of the block copolymers changes on the supermolecular level. The limited miscibility and compatibility of the components of block copolymers determine the sequential ordering of structural elements, which depends on the mass (weight) fractions of the components. In a whole number of cases, the components in block copolymers are not compatible at all [2] . This occurs in cases where two phases are grafted to each other (in graft copolymers), for blends of polymer components with poor chemical affinity, and also for flexible, semirigid, and rigid segments of macromolecules joined in statistical copolymers and in two-or three-block copolymers. The various multiphase structures produced in these cases may have a different degree of ordering of the spherical inclusions of one phase in the other matrix phase, as determined by the predominant component (right up to the formation of regular hexagonal structures). With a certain content of the components in block copolymers, a separate phase of spherical (or cylindrical) aggregates can be formed in the continuous phase of the predominant component. The size of the aggregates forming a regular lattice depends on the molecular structure of the polymer component. Like homopolymers, copolymers may be linear, branched, or network (crosslinked). If, in the chains of copolymers, the monomers are arranged in a certain order, then these copolymers are called regular, but if they are disordered (random), then they are called statistical copolymers. If in linear copolymers the units of various types form continuous and fairly extensive sequences, which are referred to as blocks, then these systems are classified as block copolymers. Most often, on account of the short length of the various blocks, they are non-crystalline systems. However, well ordered (superdomain) structures can exist in them. In the case of polyblock copolymers of the general formula (AB) n , the lengths of similar blocks A and B are most often more or less constant. This determines the possibility of joining blocks AA… and BB… into domains of different types, the distance between which is determined by the length of the other type of block. The distance between blocks A and B is normally constant, and therefore the domains formed from blocks AA… and BB… form a quasicrystalline lattice with a quite specific constant, which is similar to the structure of globular crystals. Such structural ordering is characteristic of all partially compatible microheterogeneous systems and can be illustrated by models of matrices and inclusions [3] . Of the currently available block copolymers, those of PA with PB are extremely promising and little studied. These block copolymers can be both non-crystalline (when the molecular weights M of the components, M i and M j , are small) and partially crystalline (with fairly large M i and M j ). In the former case, only relaxation transitions (local and segmental) and in the second case also phase transitions (melting, crystallisation, recrystallisation, and allotropic transformations) appear. The relaxation transitions for each component can be called isophase (occurring within the given phase state). For partially crystalline block copolymers, a mesophase transition also appears, which can be recorded from their minimum determinant of thermodynamic stability [4] at a certain temperature or in a narrow temperature range. A block copolymer is normally a combination of elastic and rigid components. Such two-phase systems possess increased compliance and creep, and they are also characterised by a high stress relaxation rate. The matrix in such systems is most often the more rigid component. In this case, even if it forms a continuous phase in the system, the elastic modulus of the block copolymer is lower, and the mechanical losses greater, than for the solid component. The structure and properties of block copolymers change most sharply in the case of phase inversion, when the component examined is converted from a continuous phase into a dispersed phase [5] .
Block copolymers are most often two-component. They normally consist of two or more homogeneous blocks of monomers. Here, at least one of the blocks is not a homopolymer or a statistical copolymer. In ideal block copolymers, all the blocks entering a macromolecule are homogeneous in composition, and a sudden change occurs at points where dissimilar blocks join. The content of different blocks in block copolymers can be assessed by IR spectroscopy. The optical density ratio at two wavelengths (typical, for example, of PA) with variation in the ratio of the block copolymer components characterises the content of rigid blocks and has been called the block form index [2] . The content of vinyl units in the PB block is normally greater than for copolymers with a random distribution of monomer units. Since the glass transition temperature T g depends on the microstructure of the polymer, change in the PB content of block copolymers affects their properties. The glass transition temperatures of block copolymers depend on the structure of the PB blocks, and also on the amount and nature of distribution of PA in the block copolymer. Two glass transition processes normally appear in block copolymers, characteristic of blocks of each type.
According to the classification used in [6] , all twoblock, three-block, and polyblock copolymers of the polycondensation type are subdivided into single-type, double-type, triple-type, and multitype. In turn, the doubletype copolymers may be elastoplastic, thermoplastic, and elastomeric. Since thermoplastic block copolymers consist of both (A and B) rigid blocks, while elastomeric block copolymers consist of both flexible (or soft) blocks, PB-PA block copolymers consisting of a flexible PB block and a rigid PA block can be classified as elastoplastic block copolymers. They are generally characterised by good solubility (on account of high chain flexibility) and also crystallisability under certain conditions. Here, the presence in the block copolymer of flexible-chain PB determines its crystallisability at fairly low temperatures. The difference of blocks A and B in degree of flexibility of macromolecules determines the two-phase nature of elastoplastic block copolymers. Block copolymers of the polycondensation type, which have a polyblock structure (AB) n , are characterised by the presence of microphase separation. On account of the existence of a large number of domains consisting of high-melting blocks in these copolymers, a fairly ideal physical network is formed, the crosslinked points of which are precisely the domains (the same macromolecule can take part in their building). Block copolymers of the polycondensation type are most often linear but are also branched, graft, and crosslinked. An analysis of the results of investigations of block copolymers differing in composition and structure, carried out by various authors using different physical methods, makes it possible to establish certain general laws governing their properties. Thus, for non-crystalline block copolymers with rigid and soft blocks, increase in the content of rigid blocks leads to a consistent increase (Figure 1 ) in their T g . Increase in the content of the soft component in partially crystalline block copolymers leads to a linear reduction in T g and in the melting temperature T m , the latter decreasing Figure 1 Schematic representation of dependence of T g of non-crystalline block copolymer on content of soft and rigid blocks to a lesser degree (Figure 2) . For some partially crystalline block copolymers whose components have an identical chemical composition but a different structure of the molecules (for example, ether + ester acting as a rigid block), the melting temperature initially rises sharply and then increases slowly with increase in the content of the rigid block (Figure 3) . In contrast to statistical copolymers, for which T m hardly changes with time, in block copolymers of similar chemical composition it decreases appreciably with time (Figure 4) . This may be attributed to the fact that, in block copolymers, a change in the interaction between the components occurs in the melt, which does not occur in the same time range for statistical copolymers.
Whereas for one-phase block copolymers (as for statistical copolymers) the temperature dependences of the elastic modulus E = f(T) in the glass transition region occupy an intermediate position in relation to the corresponding dependences of the components, for twophase block copolymers the corresponding dependences have two temperature regions of sharp change in E, as in the case of inhomogeneous two-component mechanical mixtures ( Figure 5 ). In the case of quasi-one-phase block copolymers (in which category, under certain conditions, block copolymers based on polysulphone (PSP) and PA can be placed), as for microheterogeneous mechanical mixtures, in the region of the "plateau" between the glass transition temperatures of the components there is a departure from the horizontal, or even small steps.
The deformation properties of three-block (ABA) and polyblock (AB) n copolymers, which can be called thermoplastic elastomers if the content of flexible blocks is significantly higher, hardly differ, whereas for two-block copolymers, even with small stresses σ, fairly high strains D develop, and, after the load has been removed, residual D remains for a long time.
The viscoelastic properties (in particular, the nature of stress relaxation) of different three-block and polyblock copolymers are determined largely by the fluctuation processes of rupture and repair of physical crosslinks (or by slippage of entanglements). If blends of two rigidchain homopolymers with similar softening points T soft are non-transparent and two-phase and give two steps on the dependence E = f(T), then block copolymers based on them may be single-phase (for example, PSP-polyoxyether block copolymers) and transparent and display only one step. The physical properties of block copolymers are influenced considerably by change in block length. Thus, for a polyblock copolymer based on polysulphone (PSP) and polystyrene (PS) with a ratio of block molecular weights of 4700 and 10 300 respectively, two steps appear clearly on the dependence E = f(T), while with a ratio of 1100 and 3600 only a single, more blurred region of fall in the value of E occurs [7] . For block copolymers containing components with greatly differing T g , with increase in the length of the rigid blocks the value of T m increases appreciably without any significant change in the width of the melting interval ∆T m . Although not as significantly as T m , according to differential thermal analysis (DTA) the value of T soft < T m also changes. A general law for the different block copolymers appears to be an initial reduction in their T g (on account of increase in chain flexibility) with increase in block length, and then the appearance of crystallisability, which, for example, can clearly be seen for a polycarbonate + polyethylene oxide system (when for the latter M c = 4000).
For polyblock copolymers (AB) n with components A and B differing in degree of chain rigidity, as in the case of three-block copolymers of the ABA type, which have a short length, the rigid blocks A act as associated domains with linear dimensions of 100-300 Å or as peculiar physical crosslinked points. Such a morphological model is characteristic both of three-block PS-PB-PS block copolymers and of the polyblock PB-PA block copolymers investigated by the present authors. Here, the structural morphology and physical properties of block copolymers with different end blocks (PS or PB) differ considerably. If the soft blocks are the end blocks, then the elasticity and mechanical losses of the block copolymers are higher, but when the rigid blocks are the end blocks, then there is a considerable increase in the elastic modulus and viscosity of the block copolymers. In the latter case, for example, flow of the block copolymers is impossible without rupture of the physical crosslinks formed by the rigid blocks. The properties of block copolymers are also influenced by the nature of the molecular weight distribution (MWD) of the soft and rigid blocks. If the MWD of both the soft and the rigid blocks is narrow, then producing the same breaking elongation requires the application of σ that is twice as high as in the case where the MWD of both blocks is wide [8, 9] . With a narrow MWD of the rigid blocks acting as crosslinks of the physical network, the three-dimensional structure formed by them will be more ideal. This in turn, during elongation of the block copolymers, leads to readier crystallisation and higher rigidity, and consequently a greater σ is necessary. Depending on the type of components of the block copolymers, the rigid blocks in them can form either a discrete crystalline phase (as in the case of PB-PS block copolymers) or a continuous phase (as in block copolymers of polyethers and polyesters, in which the crystalline domains of the latter are connected not only by flexible blocks of the former but also by crystalline lamellae) [10] .
STRUCTURE AND RELAXATION PROPERTIES OF BLOCK COPOLYMERS WITH COMPONENTS DIFFERING SHARPLY IN CHAIN FLEXIBILITY
The relaxation properties of block copolymers consisting of components forming soft and rigid blocks are affected by their structure not only on a molecular (interblock) but also on a supermolecular (interdomain) level. Here, the difference in the conditions of relaxation processes within blocks, within domains, and at the boundaries of same-type and different-type domains is important. Block copolymers of different classes, chemical composition, and structure are formed from successively connected dissimilar blocks. In block copolymers, blocks of different chemical nature are most often incompatible with each other, which leads to microphase separation of the system into layers. The practical value of block copolymers consists in the combination in the same polymeric material of mutually exclusive properties, which cannot be achieved by synthesising copolymers from monomers. In their properties, block copolymers resemble mechanical mixtures of polymers but differ from them in the presence of chemical bonds between the blocks, which makes these systems kinetically stable, preventing their separation into different phases. With the presence in the system of blocks of different kinds, microregions are formed in which parts of macromolecules of identical structure are concentrated. However, complete macrolamination of the block copolymers with the formation of individual phases does not occur while the chemical bonds between the different areas of the chains remain stable. When the block copolymers have incompatible blocks or poorly compatible blocks (with weak chemical affinity), several regions of softening (glass transition) appear at different temperatures. This kind of incompatibility of dissimilar blocks may lead to the formation of microdomains of lamellar shape (in the form of long cylinders or spheres), from which in the simplest case a cubic structure, and sometimes a hexagonal structure, is then formed. The most stable domains in this case act as physical crosslinks of the three-dimensional network, and the block copolymers themselves are two-phase systems. Although such block copolymers are characterised by structural heterogeneity, their macrolamination does not occur and, in view of the smallness of the domains, a certain transparency is retained. The different blocks of systems of this kind can be subdivided into flexible blocks (with increased chain mobility and low thermal stability) and rigid blocks (with low chain mobility and high thermal stability). Two-phase polymer-polymer composites, in which category some block copolymers can be placed, possess two T g values corresponding to each phase. On the temperature dependences of the elastic modulus of these composites, two steps appear, and on the temperature dependences of the mechanical losses there are two maxima. The relative height of these maxima is determined by the volume ratio of the phases and the phase morphology of the composites [11] . Since inclusions of the rigid component are often contained in the elastic phase, the maximum corresponding to the elastic phase is greater (it is determined not by the volume of rubber but by the total volume of elastic phase with rigid inclusions). The production of block copolymers from solutions (with various solvents) leads to a sharp change in the phase morphology and also to phase inversion, which is accompanied with a change in the height ratio of the two peaks of mechanical losses. The more pronounced the continuity of the matrix phase, the higher is its corresponding peak at a prescribed composition of the composites [12] .
A good solvent for the given component promotes its precipitation in the form of a continuous phase, and a poor solvent promotes its precipitation in the form of a discrete (dispersed) phase. This makes it possible to change the morphology of the composite by removing the solvent from it by freezing, with the formation of a singlephase system having a single intermediate peak. With variation in the composition of the block copolymers in the entire possible range of component ratios, a number of morphological transformations occur. When a small amount of elastomer is introduced into a glassy polymer, the elastic phase is dispersed. With increase in the elastomer content, both phases may be continuous in the region of phase inversion. With an even greater elastomer content, the rigid phase becomes dispersed. In a wide range of volume fractions of the rigid component of block copolymers, both phases form an interpenetrating structure and are continuous [13] .
When any polymer composite of two or more components is used (including in block copolymers), their compatibility, which is determined by their structural affinity (chemical affinity and geometric factors depending on the size and shape of the structural elements), is important. Depending on the degree of compatibility of the components, all polymer composites can be subdivided into homogeneous composites (thermodynamically or kinetically compatible), semihomogeneous composites (microheterogeneous), heterogeneous composites (thermodynamically and kinetically incompatible systems), and semiheterogeneous composites (the kinetic characteristics of which, differing from the components, tend to converge). The latter, with the T g of the components differing by several tens of degrees, are characterised by the appearance of two principal maxima (Figure 6a ) occupying an intermediate position (i.e. the temperature plateau between them narrows sharply, degenerating into a "saddle"). Among the block copolymers, systems of the polycondensation type based on PSP and PA can be placed in this category of systems. Heterogeneous systems can be formed when the components of block copolymers are not only incompatible thermodynamically but also have greatly differing kinetic characteristics [14] . The principal maxima of mechanical losses of such block copolymers appear in the temperature regions of glass transition of the components. Homogeneous systems are characterised by the appearance of a single principal maximum between the T g of the components, the temperature of which depends on the component ratio in the block copolymer. The PB-PA block copolymers studied by the present authors can serve as examples of microheterogeneous systems, since for them, in the region of the intermediate plateau, small additional maxima of mechanical losses appear (Figure 6b) , indicating the presence of structural inhomogeneity and mixing of different-type segments at the boundaries of the domains formed by the flexible and rigid blocks. The macroscopic structural homogeneity of such block copolymers is indicated by the absence of their lamination (technological compatibility) during storage and under different service conditions. For microheterogeneous systems with different component ratios and in sharply differing temperature ranges, the following structural models can be used: (a) a matrix with uniformly (or non-uniformly) distributed embedments of different (or identical) size and shape ( Figure 7a) ; (b) interpenetrating components ( Figure 7b) ; (c) a combined structure (a combination of elements of models (a) and (b)) (Figure 7c) [15].
When the component ratio in the block copolymers is changed, there is a change in the conditions under which both kinetic and phase transitions (glass transitionsoftening, crystallisation-melting) occur. Thus, with different molar ratios of the components of an ethylene- propylene copolymer, according to DTA there is a substantial change in the height of the crystallisation maxima with an insubstantial change in the temperatures at which they appear [16] . With an identical ratio of the ethylene and propylene components in this block copolymer, two maxima appear on the temperature dependence of tg δ diel at a fixed frequency of 100 Hz, caused by dipole-segmental processes occurring in the amorphous and crystalline parts at temperatures of +14˚C and +120˚C respectively [17] . For block copolymers based on PB and PS, on the temperature dependence of the dynamic shear modulus there are two pronounced kinetic transitions (regions of sharp reduction in the elastic shear modulus G) at temperatures of -80˚C and +100˚C, which are connected with the segmental mobility of flexible-chain and rigid-chain components [18] . To these regions of sharp change in the mobility of segments of the soft and rigid components there correspond maxima on the frequency curves of the logarithm of the imaginary component of mechanical compliance τ″ at frequencies of 10 9.1 and 10 3.5 Hz respectively. For polyether + PS block copolymers, with a component ratio of 45:55 wt.%, two regions of unfreezing of the mobility of segments of both components appear on the temperature dependences of Young's modulus at -35˚C and +75˚C [18] . A study of the dynamic mechanical properties of a PB + PVC polymeric system with a component ratio of 20:80 wt.% showed that, besides the principal maxima connected with the segmental mobility of the components (at temperatures of -110˚C and +105˚C), an intermediate maximum appears (at -29˚C), governed by change in the mobility of segments at the boundaries of domains consisting of soft and rigid blocks [19] . For the components of block copolymers based on siloxane and arylate, differing considerably in block flexibility, two regions of change in segmental mobility of components (at -55˚C and +320˚C) and a broad intermediate plateau appear [20] . In the case of a block copolymer based on polyvinyltrimethylsilane (PVTMS) and polydimethylsiloxane (PDMS) with different component ratios, regions of sharp change in the stress causing failure and breaking elongation appear with component ratios of 40:60, 50:50, and 60:40. On the temperature dependences of tg δ mech at a frequency of 1 Hz with different component ratios, two regions of principal maxima (at -100˚C and +185˚C) and an extremely broad intermediate plateau appear [21] . It is interesting to note that, with change in the ratio of the components PVTMS and PDMS, a non-uniform change takes place in the temperature position of both principal maxima. The nature of the arrangement of units in macromolecules of the block copolymers has an even greater influence on their dynamic properties than on T g . In particular, the form of the temperature dependence of the mechanical losses is influenced by the degree of regularity of distribution of units in the block copolymer macromolecules [1, 2] . For example, with increase in the homogeneity of the block sequences, the width of the maxima decreases. In the case of macromolecules or block sections of different composition, the block copolymers are characterised by the appearance of two maxima separated by a fairly wide temperature interval. This indicates the presence of segments of different composition, unfreezing of the mobility of which occurs in regions of transition of the components from the glassy into the rubbery (high-elastic) state. If, with a constant component ratio in the block copolymers, the length of the rigid blocks is shortened, then the corresponding α-maximum is displaced towards low temperatures, which may be attributed to the "plasticising" action of the rigid blocks with reduction in their molecular weight. Change in the length of the rigid blocks affects the nature of the block copolymer thermograms (Figure 8) . Increase in the length of the rigid blocks leads to a displacement of the region of melting towards high temperatures without any significant change in the position of the region of softening. In the temperature range between the α-maxima of both components in block copolymers there is a fairly stable fluctuation network, the physical crosslinks of which are entanglements of different stability. If the relative amount of entanglements of one type (and strength) predominates, then a small blurred intermediate maximum can appear between the α-maxima of the components. Here, 1,2-PB may be atactic, isotactic, or syndiotactic. The structural formula of crystallising isotactic 1,2-PB can be presented in the form
In the case of syndiotactic 1,2-PB, the vinyl groups CH=CH 2 are arranged on different sides of the axis with regular alternation of the form whereas in the case of atactic 1,2-PB the corresponding arrangement is irregular. When CH and CH 2 groups are combined in the 1,4 position, the structural chemical formula of PB has the form Such a combination of units can exist in two configurations: a trans-isomer (a) and a cis-isomer (b):
The isotactic and syndiotactic 1,2-PB isomers are crystallised, while the atactic 1,2-PB is always noncrystalline. The cis-1,4 and trans-1,4 isomers of PB differ considerably in degree of crystallinity. It is greatest in the case of trans-1,4-PB. Since in cis-1,4-PB the small amount of crystallites do not prevent mobility of segments in the non-crystalline part, its T g has a much lower value. All PBs, differing in the nature of addition and spatial arrangement of the CH and CH 2 groups, have different elementary crystal cells (crystal systems), density of the crystalline phase, and temperatures of kinetic (T g ) and phase (T m ) transitions (see Table 1 ). From these data it follows that the greatest density of syndiotactic 1,2-PB also determines the highest value of its T m . The considerably lower T m of cis-1,4-PB (+1˚C) compared with trans-1,4-PB (+148˚C) is due to the greater flexibility of the molecular chains of the first stereoisomer.
A comparison of diffraction patterns of atactic 1,2-PB with cis-1,4-PB and trans-1,4-PB indicates (Figure 9 ) that only in the latter case (Figure 9c) is there an acute peak indicating the presence of a high degree of crystallinity [22] . A considerable difference in the molecular structure of 1,2-PB, cis-1,4-PB, and trans-1,4-PB is also observed in IR spectra (Figure 10) . From these data it follows that in all cases there are pronounced stretching vibrations of the methine groups CH (with wavelengths λ = 2.8 and 3.4 µm) and deformation (scissoring) vibrations of the methylene groups CH 2 (λ = 6.8 µm). At the same time, stretching vibrations of the groups (with λ = 10 µm) appear to different degrees (they are most pronounced in trans-1,4-PB). For cis-1,4-PB (Figure 10) , torsional deformation vibrations of the CH 2 groups (at λ = 13.9 µm) are most in evidence. Data obtained by radiothermoluminescence (RTL), which makes it possible to record narrow maxima of luminescence intensity in regions of unfreezing of segmental mobility [22] , likewise indicate ( Figure 11 ) the considerable difference in T g values of cis-1,4-PB (1), trans-1,4-PB (2), and atatic 1,2-PB (3). It is noteworthy that, in the latter case, the breadth of the RTL maximum is greatest, which indicates the Depending on the polymerisation conditions, PB can also be produced with a different combination of additions of units in the chains. At low temperatures there exist more favourable conditions for the preferential emergence of trans-1,4 configurations. With increase in temperature, the number of trans-1,4 additions decreases, and the number of cis-1,4 additions increases [23] . It must be pointed out that the number of 1,2 additions at temperatures ranging from -20˚C to +100˚C passes through a low maximum close to +50˚C, and consequently, for the formation of such configurations, polymerisation both at low and at elevated temperatures is unfavourable [24] . With a larger content of trans-1,4 units, the degree of crystallinity of PB will be maximum. Increase in the content of cis-1,4 units in PB leads to a proportional lowering of T g , while an increase in the content of crystallising trans-1,4 units consistently raises the degree of crystallinity and the value of T m . However, if cis-1,4 chain configurations predominate, then the PB can be considered to be practically non-crystalline. Under normal polymerisation conditions, with a large content of the 1,2 configuration, the PB is atactic and non-crystallising. However, when stereospecific catalysts are used, PB of a fairly high degree of crystallinity with a syndiotactic and even an isotactic structure can be produced (see Table 1 ). During ionising irradiation, in PB, in contrast to degrading polyisobutylene (PIB), chemical crosslinks are formed [25] .
Being the most stable (and consequently being encountered most often), the trans form of PB exists in two crystalline modifications. They differ substantially in density (1.02 and 0.93 g/cm 3 ), melting temperature (148 and 97˚C), and heat of melting (3.3 and 1.1 kcal/mol), and also in entropy of melting (9.0 and 2.7 cal/mol K). The conversion of the first modification into the second one is a reversible phase transition of the first kind and occurs at temperatures of the order of 63-65˚C [24) . The X-ray degree of crystallinity of PB with 99% trans-1,4 units amounts to roughly 80%. In the case of a great predominance in PB of units with the addition of CH and CH 2 groups in the cis-1,4 position (95%), in the IR spectrum (Figure 10 ) torsional and scissoring deformation vibrations of the CH 2 groups (λ = 13.9 and 6.8 µm respectively) and also stretching vibrations of the bonds (λ = 6.1 µm) and bonds (λ = 3.4 µm) are most in evidence. The predominance in PB of cis-1,4 units determines its higher elasticity, whereas an increase in the content of units with the addition of CH and CH 2 groups in the trans-1,4 and 1,2 positions respectively lowers the elasticity.
A study of the physical properties of PBs of different structure in a wide temperature range showed that both kinetic and phase transitions occur in them. In [26] , for trans-1,4-PB, a small maximum of mechanical losses was found at -183˚C, governed by the mechanism of motion of CH=CH 2 groups of the angular type.
Change in the mobility of PB macromolecules as a whole was found by the authors in mechanical measurements at low frequencies. Here, for PB with a coefficient of polydispersity K pd = 1.05 and with a different content of cis-1,4 units (40%), trans-1,4 units (50%), and 1,2 units (10%), the indicated process of low-frequency relaxation in measurements at a frequency of 10 -1 Hz appeared in the 60-110˚C temperature range. At room temperature (+20˚C) this transition appears in the frequency range 1-1000 Hz (an asymmetrical maximum of the tangent of the angle of mechanical losses is observed at a frequency of 80 Hz). This kind of effect of low-frequency relaxation cannot be described by any of the existing theories of linear viscoelasticity, which indicates the qualitative difference of kinetic units with sizes of the order of segments and macromolecules as a whole. When components with molecular weights M differing roughly by one decimal order (~10 4 and ~10 5 ) are present in PB in a certain ratio (10-50% PB with M ~ 10 4 ), two pronounced maxima (at 0.1 and 100 Hz) appear on the frequency dependence of the factor of mechanical losses at a temperature of 20˚C.
In [27] , for trans-1,4-PB, at temperatures above the glass transition region, two maxima of mechanical losses were found (at 260 and 330 K). In the opinion of the authors, the first of these was due to motion of segments in incompletely ordered crystals, while the second was connected with transition of the PB from one crystalline modification into another (it appears below the region of melting of the crystallites). A study of the temperature dependences of the static elastic modulus E st of cis-1,4-PB showed [28] that, having a value of 4 ¥ 10 10 dyn/cm 2 at -145˚C, in the temperature range from -140 to -75˚C it falls sharply, passes through a maximum, and then increases slightly, passing through a maximum at -45˚C and reaching a value of 3 ¥ 10 7 dyn/cm 2 at 0˚C, which it then retains at room temperatures. This nature of change in E st indicates that, with increase in temperature from -75 to -45˚C, crystallisation of the PB occurs, and then, at temperatures ranging from -45 to 0˚C, melting of the crystallites formed takes place [29, 30] .
A different content of cis-1,4 units in PB also affects the nature of its thermomechanical curves [31, 32] . With increase in the cis-1,4 units in PB from 60 to 95% there is a marked difference in the values of the temperatures of its transition from the glassy to the rubbery state and from the rubbery to the viscous flow state. PBs with 60, 80, and 95% cis-1,4 units also differ sharply in the magnitude of strain in a wide temperature range (from -80 to 0˚C) under the same load (1 kgf) and with the same heating rate (10 K/min) [33] .
A study of the dynamic mechanical properties of PBs with different contents of trans-1,4 units (50%), cis-1,4-units (40%), and 1,2 units (10%) showed [34] that, at 20˚C, the maximum tangent of the angle of mechanical losses tg δ = 1.28 is observed at a frequency lg ν = 1.6. Change in the length of the PB chains has a considerable effect on the temperature and frequency position of the maxima of mechanical losses. Thus, with a reduction in molecular weight from 6.4 x 10 5 to 1.1 x 10 4 , the values of the cyclic frequencies ω = 2πν (Hz) of the appearance of tg δ maxima at +25˚C increase from lg ω = -2.1 to lg ω = +3.8. At the same time, for monodispersed PB with M = 3 x 10 5 , on the frequency curves of the modulus of losses G″, taken at temperatures of -20, +20, and +100˚C, the maxima of lg G″ appear respectively at frequencies ω (Hz) whose logarithms are equal to -2.8, -0.8, and +0.7 [35] .
A study of the thermophysical properties of PBs of different structure likewise indicates that they differ. Thus, with different concentrations (0.7 and 0.8) of the crystallising trans-1,4 units of PB, the specific volume V sp (cm 3 /g) at temperatures ranging from -30 to +50˚C is appreciably greater in the former case [35] . The nature of the temperature dependences of the specific heat C p (cal/ mol K) for PBs of different structure differs substantially [36] . Whereas the dependence C p = f(T) for trans-1,4-PB increases monotonically with increase in temperature from 100 to 300 K, for cis-1,4-PB it shows sharp rises in narrow temperature ranges (165-175 K and 235-245 K). In the former case, this occurs in the region of glass transition, and in the latter case in the region of melting [37] .
Measurement of different dielectric characteristics of PB (ρ v , ε″, tg δ) showed [38] that, in a wide temperature range (from -150 to +100˚C), the volume resistivity ρ v decreases (most sharply in the range from -50 to +20˚C), while the values of ε″ and tg δ pass through maxima, the temperatures of which increase with increase in frequency ω. For example, at a frequency of 3 x 10 3 Hz, the maximum tg δ for PB appears at 11˚C.
Studies of PB in magnetic fields also make it possible to reveal the effect of differences in their molecular structure [39] . Thus, high-resolution NMR at a frequency of 100 MHz and a temperature of +45˚C for PB with 98% 1,2 units recorded separate signals from methine and methylene protons, and, for block copolymers with 52% trans-1,4 and 48% cis-1,4 units at a frequency of 200 MHz and a temperature of +25˚C, signals from vinylene and methylene protons. Broad-line NMR studies of PB showed [40, 41] that, for cis-1,4 and trans-1,4 stereoisomers, spectra taken at the same temperature (-188˚C) also differ, as well as the nature of the temperature dependences of ∆H line width and second moment ∆H 2 2 . Temperature dependences of the time of spin-lattice relaxation T 1 for cis-1,4-PB, taken by pulsed NMR, indicate that the T 1 minima relating to the unfreezing of segmental motion are shifted consistently towards high temperatures with increase in frequency from 20 to 50 MHz [42] , while, in measurements at a frequency of 20 MHz for cis-1,4 and trans-1,4 stereoisomers of PB, in the latter case the minimum T 1 relating to change in segmental mobility appears at a higher temperature, which is in agreement with T g data for these PBs (see Table 1 ).
